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FY 2018 ES-18-1: Demonstrate planned progress in advancing the
understanding of changes in Earth’s radiation balance, air quality, and the
ozone layer that result from changes in atmospheric composition.

FY 2018 ES-18-3: Demonstrate planned progress in improving the
capability to predict weather and extreme weather events.

FY 2018 ES-18-6: Demonstrate planned progress in detecting and
predicting changes in Earth’s ecological and chemical cycles, including land
cover, biodiversity, and the global carbon cycle.

FY 2018 ES-18-7: Demonstrate planned progress in enabling better
assessment and management of water quality and quantity to accurately
predict how the global water cycle evolves in response to climate change.
FY 2018 ES-18-9: Demonstrate planned progress in improving the ability to
predict climate changes by better understanding the roles and interactions of
the ocean, atmosphere, land, and ice in the climate system.

FY 2018 ES-18-11: Demonstrate planned progress in characterizing the
dynamics of Earth’s surface and interior, improving the capability to assess
and respond to natural hazards and extreme events.
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Annual Performance Indicator ES-18-1: Demonstrate planned progress

in advancing the understanding of changes in Earth’s radiation balance,
air quality, and the ozone layer that result from changes in atmospheric
composition.

NASA’s Atmospheric Composition Focus Area (ACFA) continues to provide
quantitative global observations from space, augmented by suborbital and ground-based
measurements of atmospheric aerosols and greenhouse and reactive gases enabling the
national and international scientific community to improve our understanding on their
impacts on climate and air quality. In particular, ACFA helped gain insights into changes
in the Earth’s radiation balance, our prognostic capability for the recovery of
stratospheric ozone and its impacts on surface ultraviolet radiation, and the evolution of
greenhouse gases and their impacts on climate, as well as the evolution of tropospheric
ozone and aerosols and their impacts on climate and air quality. The ACFA research
utilizes and coordinates advances in observations, data assimilation, and modeling to
better understand the Earth as a system. Selected research results and other
accomplishments of the 2018 financial year are highlighted below.

| and cloud radiative eff |

Aerosols have a potentially large effect on climate, particularly through their interactions
with clouds. The magnitude of this effect, however, is highly uncertain. The processes
and radiative effects in the coupled system of clouds and aerosols are some of the most
challenging problems we face in the quest for better understanding recently observed
global changes, as well as being able to better predict the future climate.

Radiative interactions between aerosols and clouds and the importance of cloud
height

A-train data were extensively used in the 2018 reporting year. Together with models,
they contributed substantially to studies on the very important, poorly understood, and
complex aerosol and cloud radiative interactions. Using Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation satellite (CALIPSO) data, Adebiyi et al. (2018)
found that these interactions strongly depend on the relative altitude of clouds and smoke
layers in the southeast Atlantic. Rajapakshe et al. (2017) reported that from June to
October, low-level clouds in the southeast Atlantic often underlie seasonal aerosol layers
transported from the African continent. Two seasons of observations from NASA's
Cloud-Aerosol Transport System (CATS) on the International Space Station (I1SS)
revealed that the bottom of the above-cloud aerosols layer is much lower than previously
estimated based on CALIPSO observations. CATS data were also used by Noel et al.
(2018) to document, for the first time, the diurnal cycle of detailed vertical profiles of
cloud fraction. The unique precessing orbit of the ISS reveals diurnal characteristics of
clouds that have not previously been observed from spaceborne platforms. The diurnal
variability of cloud profiles revealed by CATS strongly suggests that CALIPSO
measurements document the daily extremes of the cloud fraction profiles over ocean and
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are more representative of daily averages over land. Thanks to CATS’s detection
sensitivity, McGill at al. (2018) provided observational evidence in support of long-held
theories of aerosol transport from the African subcontinent over the remote Indian Ocean
and as far downstream as Australia. Further, Vaillant de Guélis et al. (2017) assessed the
contribution of clouds to the longwave radiation budget at the top of the atmosphere.
They showed that integrated CALIPSO profile data compare very well with directly
measured longwave cloud radiative effects by the Clouds and the Earth's Radiant Energy
System (CERES) instrument. However, the lidar also accurately observes cloud cover
and altitude, which allows partition of the derived longwave cloud radiative effects into
variations due to changes in cloud amount and cloud altitude. Vaillant de Guélis et al.
(2017) also studied the relative influences from opaque, and from semi-transparent,
clouds and found the cloud amount to be the primary control on longwave cloud radiative
effects in the tropics over the 2008-2015 period. This study points toward the possibility
of developing an accurate long-term record of global longwave cloud radiative effects if
lidar data continue to be available, such as by the two ESA missions ADM-Aeolus and
EarthCARE, as well as by the future observing system addressing the “Aerosols”
Designated Observable recommendation by the Decadal Survey (2017).

Cooling effect of dust aerosols quantified

Song et al. (2018) integrated recent aircraft measurements of dust microphysical and
optical properties, such as Aerosol Optical Depth (AOD), with satellite retrievals of
aerosol and radiative fluxes to quantify the dust direct radiative effects (DRE) on the
shortwave (SW) and longwave (LW) radiation at both the top of atmosphere (TOA) and
surface in the tropical North Atlantic during summer months. They found a diurnal mean
dust DRE-SW efficiency of —28 W/m2/AOD at TOA and — 82 W/m2/AQD at surface.
The corresponding TOA and surface DRE on SW in the region is approximately —

10 W/mz2 and —26 W/mz, respectively, of which ~30% is canceled out by the positive
DRE on LW. This yields a net DRE of about —6.9 W/m2 and —18.3 W/m2 at TOA and
surface, respectively. This study suggests that the LW flux contains useful information of
dust particle size, which could be used together with SW observation to achieve more
holistic understanding of the dust radiative effect.

Climate change indicators of regional aerosol optical properties

Sullivan et al. (2017) defined aerosol properties (AOD, Angstrom Exponent, Single
Scattering Albedo) that could be used as climate indicators within the National Climate
Assessment. The authors developed statistical techniques to describe how these aerosol
climate indicators vary in space and time over different regions. These statistics were
applied to the MERRA-2 re-analysis (which includes assimilation of satellite-retrieved
aerosol products). For most regions, the trend is toward lower aerosol burdens (decreased
mean and extreme AOD), relatively more absorbing particles (lower Single Scattering
Albedo) and relatively smaller diameter particles.

Enhanced aerosols overserved near clouds may be an artifact due to scattered light
To study aerosols close to clouds, Spencer et al. (2018) adapted the Dark-Target aerosol
retrieval algorithm used for MODIS with lower spatial resolution (~500 m) to data
produced by the airborne enhanced-MODIS Airborne Simulator (eMAS) with higher
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spatial resolution (~50 m). They apply the classic Dark-Target aerosol retrieval technique
to observations collected over the southeastern United States during late summer 2013
during the SEAC4RS experiment. The resulting product suggests that total AOD can be
greatly enhanced near clouds. When comparing the retrieved AOD to other datasets
(MODIS, Cloud Physics Lidar, AERONET), they found the enhanced AOD near clouds
is only partially observed in other datasets, suggesting it may be primarily an adjacency
effect where light scattered from bright clouds is scattered into the field of view of the
sensor.

Liquid water clouds are found to control the surface radiation budget in the Arctic
Morrison et al. (2018) investigated influences of sea ice cover on Arctic clouds using
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) profile data from
CALIPSO. Eight years of data are used, partitioning cloud observations into those over
sea ice and those over open water. Liquid water clouds are found to control the surface
radiation budget in the Arctic and therefore perhaps influence the formation and melting
of sea ice in fall and summer, respectively. No cloud response to sea ice variability is
seen in summer. In other seasons, however, more clouds are seen over open water than
over sea ice. The lack of a cloud response during summer implies that clouds provide
neither a positive nor a negative feedback during the season of peak Arctic sea ice loss.

Challenge to observe major aerosol pollution events in the China/Korea/Japan
Analysis by Eck at al. (2018) of sun photometer measured and satellite retrieved AOD
has shown major aerosol pollution events in the China/Korea/Japan region are often
observed to be associated with significant cloud cover. Thus, remote sensing of these
events is difficult. Possible physical mechanisms for these high AOD events include a
combination of aerosol humidification, cloud processing, and meteorological covariation
with atmospheric stability and convergence. The newly improved Aerosol Robotic
Network (AERONET) AOD data product now allows for unprecedented ability to
monitor these extreme pollution events. Studying the 2012 winter-summer period,
comparisons of AERONET daily average fine mode AOD data showed that Moderate
Resolution Imaging Spectroradiometer (MODIS) satellite remote sensing of AOD often
did not retrieve and/or identify some of the highest fine mode AOD events in this region.
Also, compared to models that include data assimilation of satellite retrieved AOD, the
AERONET fine mode AOD was significantly higher in magnitude, particularly for the
highest AOD events often associated with significant cloudiness.

Impact of a potential gap in spaceborne Lidar data

The community is preparing for a gap in the global lidar satellite data record established
by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
instrument. A gap could appear after NASA’s current CALIPSO and ESA’s ADM-
Aeolus (launch in August 2018) instruments cease operations. The next lidar in space will
be on ESA’s EarthCARE mission, which is currently scheduled to launch in 2021. The
next generation of a NASA lidar in space, as recommended in the Decadal Survey, will
likely not produce data before the mid 2020ies. A model-based study by Chepfer et al.
(2018) reports that short gaps of about two years would likely not have significant impact
on the capability to constrain the cloud feedback if all the space lidars were
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intercalibrated. However, any intercalibration shift between successive lidar missions
would delay the capability to constrain the cloud feedback mechanisms.

Regional Intensification of the Tropical Hydrological Cycle During ENSO

Stephens et al. (2018) pieced together several independent measurements collected over
multiple decades to reveal a strong, positive feedback on tropical convection associated
with the short-term climate variations of the El Nifio/Southern Oscillation (ENSQO). The
feedback is a result of coupled dynamical-radiative processes that produce intensification
of the tropical hydrological cycle by more than twice than what is expected from the
Clausius-Clapeyron response alone. The study concludes that moist regions precipitate
more than dry and the resultant cloud fields interact with radiation in a manner that
reinforces the circulation pattern that sets the moist/dry locations. This supports the
widely held paradigm of a warming world: “wet gets wetter and dry drier.” For example,
the Inter-Tropical Convergence Zone (ITCZ), where deep tropical convection is
organized into broad convective zones, is shown by Stephens et al. (2018) to undergo
variability that is often used to test ideas thought to be relevant to climate change.

Seasonal variability of warm boundary layer cloud and precipitation in the
Southern Ocean

Many climate models underestimate cloud albedo in the Southern Ocean causing global
scale biases in our understanding of the earth’s radiation budget. A recent study by Mace
et al. (2018) found correlations between biogenically enhanced cloud condensation nuclei
concentrations and cloud droplet number concentrations derived from passive satellite
data, suggesting marine biological activity influences cloud properties and thus albedo.
This study also found a seasonality in the cloud droplet number concentration and the
propensity of clouds to rain in a manner physically consistent with the hypothesis that
biogenic activity within the ocean can influence cloud and precipitation properties. These
processes are only crudely represented in current models.

Unusually deep wintertime cirrus clouds observed over the Alaskan Subartic
Campbell et al. (2018) reported observations of unusually deep wintertime cirrus clouds
exceeding 13 km above mean sea level at the NASA Micro-Pulse Lidar Network
(MPLNET) site in Fairbanks, Alaska. Such occurrences are quite rare, both regionally
and seasonally, based on a 20062015 climatology developed from CALIPSO
measurements. However, polar meteorology is undergoing significant change and cloud
macrophysical as well as occurrence characteristics may prove important to predict
potential changes in the polar climate.

Cirrus cloud radiative forcing observations are found consistent with theory
Daytime TOA cirrus cloud radiative forcing is estimated by Lolli et al. (2017) for cirrus
clouds observed in 2010 and 2011 at the Singapore MPLNET site. Estimates derived for
both overland and overwater to simulate conditions over the broader Maritime Continent
archipelago of Southeast Asia. The results are consistent with an open hypothesis of a
meridional hemispheric gradient in cirrus cloud daytime TOA radiative forcing globally,
varying from positive near the equator to, presumably, negative approaching the poles.
The work by Lolli et al. (2017) helps further expand upon the paradigm by
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conceptualizing differences zonally between overland and overwater forcing that differ
significantly. More global oceans are likely be subject to negative daytime TOA cirrus
cloud radiative forcing than previously thought.

Strong positive low cloud feedback observed

Satellite measurements of Sea Surface Temperature (SST) and low marine cloud
coverage correlations help improve understanding of cloud responses to interannual SST
anomaly responses (Interdecadal Pacific Oscillation and the Atlantic Multidecadal
Oscillation) and inform future climate feedbacks. Yuan et al. (2018) suggests a strong
and positive local low cloud feedback due to observational low cloud fraction responses
to SST anomalies.

i I |
Air pollution from ozone and other trace gases in the boundary layer affects health and
welfare significantly. Worse, fine particulate matter (PMz25) is known to be associated
with adverse respiratory and cardiovascular health impacts. Air quality data are routinely
collected using outdoor monitors across the US and in some major cities around the
globe. Such data are temporally continuous, but lack in spatial coverage. Especially in
urban areas, air quality tends to be highly variable in time and space. To address this data
gap, NASA will provide new complementary observations of the spatial distribution of
trace gas and aerosol abundance with the upcoming MAIA and TEMPO satellite
instruments. This combination of space- and ground-based observations with chemical
transport models is expected to enhance the capabilities and accuracies of urban air
quality data used in forecasts and health studies.

Volatile chemical products emerging as largest petrochemical source of urban
organic emissions

Transport-derived emissions of volatile organic compounds (VOCs) have decreased
owing to stricter controls on air pollution. This means that the relative importance of
chemicals in pesticides, coatings, printing inks, adhesives, cleaning agents, and personal
care products has increased. McDonald et al. (2018) show that these volatile chemical
products now contribute fully one-half of emitted VOCs in 33 industrialized cities. Thus,
the focus of efforts to mitigate ozone formation and toxic chemical burdens needs to be
adjusted.

Air quality controls have helped in reducing PM2.5 exposure

New techniques applied by Meng et al. (2018) to the recently improved Multi-angle
Imaging SpectroRadiometer (MISR) aerosol data product have shown predicted
concentrations of PMzs capture large regional patterns. This study also identified fine
gradients of sulfate, nitrate, organic carbon and elemental carbon PMz2s aerosol species in
urban areas of Los Angeles and the Central Valley, California, between 2001 and 2015.
Those results suggest air quality controls produced a positive benefit by reducing PMz2s
exposure. The upcoming NASA Earth Venture instrument Multi-Angle Imager for
Aerosols (MAIA) will provide more detailed data to extend similar analysis in multiple
large cities with air pollution challenges around the globe.
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Impact of California fires on Air Quality: The role of a low-cost sensor network and
satellite observations

Gupta et al. (2018) analyzed PM2s observations from a network of low-cost (<$200)
sensors deployed throughout the Los Angeles area. Data from these sensors have been
compared with reference-grade quality sensors to show expected performance with
moderate uncertainties. These PM2:s measurements are then compared with aerosol
products from the MODIS sensors, specifically for a smoke event during October 2017,
leading to useful statistical models to convert AOD to PMz2s at finer spatial resolutions.

Surface level ozone forming pollutants have not continued to decline as expected
Jiang at et. (2018) analyzed satellite NO2 and CO measurements along with ground-based
air quality and emissions. The authors found ambient levels of pollutants contributing to
the formation of surface level ozone, inconsistent with a fairly steady decline expected
based on US EPA emissions inventories. They also showed these differences could be
explained by a shifting contribution of different sectors, such as (i) growing relative
contributions of industrial, area, and off-road sources, (ii) decreasing relative
contributions of on-road gasoline, and (iii) slower than expected decreases in on-road
diesel emissions.

Tropospheric ozone trends remain difficult to reconcile

Gaudel et al (2018) performed an extensive examination of tropospheric ozone trends
drawing from in-situ data (IONS and SHADOZ) and mostly tropospheric ozone satellite
products, including OMI/MLS, TES, 1ASI, SCIAMACHY, etc. These authors determined
trends in free-tropospheric mean mixing ratio or column amounts from 1995-2015, The
results appear to show ozone in many mid-latitude and some tropical regions has
increased. However, the uncertainty in all the individual methods is substantial and even
the sign of change diverges among some of the data. A landmark study pointing out
where improvements in our satellite retrieval estimates of tropospheric ozone is needed.

Surface ozone (O3) estimation using carbon monoxide (CO) and formaldehyde (CH20)
measurements

Strong correlations of O3--CH20, O3--CO and CO--CH20 were observed during the
Deriving Information on Surface conditions from Column and Vertically Resolved
Observations Relevant to Air Quality (DISCOVER-AQ) aircraft experiment in July 2011
over the Washington-Baltimore area. Cheng et al. (2018) found that biogenic isoprene
oxidation makes the largest contribution to the regression slope of O3--CH20 across much
of the eastern US, providing a good indicator for Os enhanced by biogenic isoprene
oxidation. In contrast, the regression slope of O3--CO is controlled by both anthropogenic
and biogenic emissions. The analysis provides the basis for using high-quality
geostationary satellites with UV, thermal infrared, or near infrared instruments for
observing CH20 and CO to improve surface Os distribution monitoring.

Tropospheric greenhouse and other trace gas research
The dominant factor in the radiative forcing of climate is the increasing concentration of

various greenhouse gases in the atmosphere. Some greenhouse gases, for example, COz,
methane (CHa4) and nitrous oxide (N20), persist in the atmosphere over time scales of a



Management and Performance: FY 2018 Annual Performance Report

decade to centuries. Several recent studies regarding the emissions of these species in the
atmosphere are highlighted here. These studies involve data from the NASA OCO-2
mission as well as OMI and TES on Aura, as well as other key sources of data like
AGAGE.

Fossil fuel carbon emissions in California and the Boston urban area

A few cities and states are taking a leading role in US efforts to reduce greenhouse gas
emissions. New independent and traceable methods for the estimation of fossil fuel
emissions are needed to assess progress in regions where efforts for reducing greenhouse
gas emissions are taken, and in data-poor regions. A study by Graven et al. (2018) used
advanced atmospheric carbon monitoring that included isotope measurements to provide
estimates of fossil fuel emissions to the atmosphere in California for three months in
2014-2015. The study results are found to be consistent with reported fossil fuel
emissions by the California Air Resources Board. On the other end of the continent,
Boston has adopted reduction targets for anthropogenic and biogenic carbon emissions
that include reducing emissions 25% below 2005 levels by 2020, and total carbon
neutrality by 2050. Sergent et al. (2018) used a model to quantify emissions in the Boston
urban area, which is generating a flux greater than 18% of the 2005 level. They assessed
the emissions with a "bottom-up™ approach that derives fossil fuel use from various
sources combined with biological flux models and the carbon content of the fuel and a
"top-down™ approach that quantifies emissions based on greenhouse gas emissions
measured in the atmosphere.

Impact of uncertainties in the wind field in estimates of COz fluxes

A study by Basu et al. (2018) explores the impact of uncertainties in the wind field in
estimates of COz2 fluxes derived from space based XCO2 measurements, like those from
the Orbiting Carbon Observatory 2 (OCO-2) Mission. Atmospheric transport
uncertainties were derived from comparisons of 5 different transport models. They found
in the absence of in situ CO2 and - XCOz2, OCO-2 estimates of regional-scale terrestrial
fluxes over land can be more robust to transport model differences than corresponding in
situ CO2 inversions due to increased sampling by the space-based measurements. The
impact of transport uncertainties on CO2 fluxes is similar in northern temperate regions
and in the tropics. However, spatial and temporal differences in sampling, including
between OCO-2 land and ocean soundings, coupled with imperfect transport, can
produce differences in flux estimates larger than flux uncertainties due to transport model
differences alone. These results can be used to estimate the robustness of conclusions
drawn from OCO-2 and in situ COz2 flux inversions.

Quantifying CO2 emissions from individual power plants from space

In order to better manage anthropogenic CO2 emissions, improved methods of
quantifying emissions are needed at spatial scales from the national level down to the
facility level. Although the OCO-2 satellite was not designed for monitoring power plant
emissions, a study by Nassar et al. (2017) shows in some cases, CO2 observations from
OCO-2 can be used to quantify daily CO2 emissions from individual middle- to large-
sized coal power plants by fitting the data to plume model simulations. Emission
estimates for U.S. power plants are within 1-17% of reported daily emission values,
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enabling application of the approach to international sites that lack detailed emission
information. This affirms a constellation of future CO2 imaging satellites, optimized for
point sources, could monitor emissions from individual power plants to support the
implementation of climate policies.

More insights to the complex methane trends

According to a study by Worden et al. (2017) in Nature, Methane emissions from fires,
identified using Measurement of Pollution in the Troposphere (MOPITT) and
Tropospheric Emission Spectrometer (TES) carbon monoxide and methane
measurements, have been decreasing since the early 2000s due to a global decrease in
tropical fires. The magnitude of this trend is nearly twice as much as expected from prior
estimates. The decrease can help to explain overall methane trends and the previously
conflicting increases seen from fossil fuel and wetland sources for methane.

Why blowing snow is important to the “Bromine explosion” during Arctic spring
Bromine radicals (Br + BrO) are important atmospheric species owing to their ability to
catalytically destroy ozone as well as their potential impacts on the oxidative pathways of
many trace gases. Recent space-based observations have reported rapid enhancements of
tropospheric BrO over large areas (so called “BrO explosions”) connected to near-surface
ozone depletion occurring in polar spring. Choi et al. (2018) use tropospheric column
BrO retrievals from the Ozone Monitoring Instrument (OMI) in conjunction with the
Goddard Earth Observing System Version 5 (GEOS-5) data assimilation system to
conclude the sea salt aerosol generated by blowing snow is an important factor in the
formation of the “BrO explosion” observed from space during Arctic spring.

OMI NO:z2 long-term trends in the United States reported using improved OMI
retrievals

Tropospheric NOz2 retrievals from OMI have led to many influential studies on the
relationships between socioeconomic activities and NOx emissions. However, the current
OMI tropospheric NO2 retrievals are not designed for analyzing multi-year tropospheric
NO:2 trends. A study by Zhang R. et al. (2018) used improved OMI retrievals for trend
analysis by removing the ocean trend, using MODIS albedo data in air mass factor
calculation, and applying a lightning flash filter to exclude lightning affected OMI NO2
retrievals. The study confirms a close agreement (within 0.3% yr-1) between in situ and
the improved OMI-based NOz2 regional annual relative trends. Further, Zhang R. et al.
(2018) concludes that the optimized OMI-based NOz2 regional annual relative trend in the
US is -2.0%=0.3 yr-1 in West (-2.0%=0.3 yr-1), -1.8%=+0.4 yr-1in the Midwest, -3.1%+0.5
yr-1 in the Northeast, and -0.9%z=0.3 yr-1 in the South. Overall, the OMI-based annual
mean trend over the contiguous United States is -1.5%=0.2 yr-1. This is a factor of 2
lower than that of EPA’s Air Quality System (AQS) ambient air pollution in situ data (-
3.9%=0.4 yr-1). This difference is assumed mainly due to the fact that the locations of
AQS sites are concentrated in urban and suburban regions.

Monitoring Global Tropospheric OH Concentrations using Satellite Observations of

Atmospheric Methane
A comprehensive approach to carbon monitoring includes both measurement of stocks,

10
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and quantification of the processes affecting changes in stocks. Zhang Y. et al. (2018)
found recent advances in the ability to monitor atmospheric methane (CH4) from space
can also be used to advance the monitoring of hydroxyl radical (OH) - the main
tropospheric oxidant and atmospheric sink for methane. The study finds satellite
observations should be able to constrain the global tropospheric OH concentrations with
an accuracy of a few percent. Retrievals from space can thus separate contributions from
methane emissions and OH concentrations to the methane budget and its trend. It further
finds satellite methane observations can constrain the interhemispheric difference in OH.
The main limitation to the accuracy is the uncertainty in the spatial and seasonal
distribution of OH.

heri | lepleti |
Stratospheric composition remains an area of interest 32 years after the discovery of the
Antarctic ozone hole and 31 years after the adoption of the Montreal Protocol to limit
substances that destroy the ozone layer. NASA has an ongoing mandate to continue
research in understanding changes in ozone and ozone depleting substances through the
Clean Air Act.

The return of ozone depleting substances due to increased emissions in East Asia

In general, the chemicals regulated by the Montreal Protocol showed rising
concentrations and inferred emissions before regulation, and decreasing inferred
emissions, and ultimately concentrations, after regulation. For example, ozone depleting
chlorofluorocarbons (CFC) have decreased dramatically in the 1990s as a consequence of
the Montreal Protocol. However, the monitoring of those substances, such as through the
Advanced Global Atmospheric Gases Experiment (AGAGE) network, has found recent
increases in global emissions of some CFCs. For example, CFC-13 increased
monotonically from its first appearance in the atmosphere in the late 1950s. Its growth
rate has decreased since the mid-1980s but has remained at a surprisingly high level since
2000, resulting in a continuing growth of CFC-13 in the atmosphere. The story for CFC-
114 and CFC-115 is comparable. However, the mean yearly emissions of CFC-115 have
recently (2015-2016) doubled as compared to the 2007-2010 minimum. Observations
from the Korean AGAGE site at Gosan reported in VVollmer at al. (2018) show significant
emissions for CFC-114 and CFC-115, suggesting that a large fraction of their global
emissions currently occur in northeastern Asia and more specifically on the Chinese
mainland. Similarly, Simmonds et al. (2018) reported that the trifluoromethane (HFC-23,
CHF3), a potent greenhouse gas largely emitted to the atmosphere as a by-product of the
production of the hydrochlorofluorocarbon HCFC-22 (CHCIF2), global mole traction has
increased by 28% between 2009 and 2016. In the same time span, HCFC-22 has
increased by 19%. Some of the HFC-23 emissions remain as a consequence of
incomplete mitigation from all HCFC-22 production. The cumulative HFC-23 emissions
led to an increase in radiative forcing of 1.0 mW/mz over the same period. The majority
of the increase in global HFC-23 emissions since 2010 is attributed to a delay in the
adoption of mitigation technologies, predominantly in China and East Asia.

Stratospheric ozone recovers in the upper but declines in the lower stratosphere
Conclusive verification that stratospheric ozone destruction is lessening as expected in

11
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response to international controls on anthropogenic ozone-depleting substances (ODSs)
enacted under the Montreal Protocol is one of today’s atmospheric science imperatives.
The length and quality of the observational record are just now approaching those
required for the detection of statistically significant ozone trends in the post-peak ODS
period, and early signs of ozone recovery are beginning to emerge in some regions. For
example, the long-term record of ozone profile observations from the Aura Microwave
Limb Sounder (MLS) and other sensors shows a statistically significant increase in the
amount of ozone in the upper stratosphere (~35-50 km) since about the year 2000
(Steinbrecht et al., 2017). In other regions, however, the magnitude and even the sign of
the trend in ozone remain unclear. Ball et al. (2018) confirmed the recovery of ozone in
the upper stratosphere but presented evidence of a continuing decline in lower
stratospheric global (60N-60S) ozone. They applied a dynamical linear modeling
regression approach to analyze several homogenized and bias-corrected total column and
partial column ozone data sets, some of which are based primarily on Aura MLS
measurements, over the period 1998-2016. They found a highly probable decrease in
lower stratospheric ozone that was not simulated by two state-of-the-art chemistry-
climate models (CCMs). They posited several explanations for the observed ongoing
decrease in lower stratospheric ozone and the failure of the models to reproduce it,
including transport-related issues and additional but unaccounted for ozone destruction
by increasing halogenated very short-lived substances. They further suggested that the
lack of significant trends in observed total column ozone may have been brought about
by increasing tropospheric ozone (coupled with the recovery in the upper stratosphere)
that offset the negative trend in the lower stratosphere.

Subsequently, Chipperfield et al. (2018) compared results from a state-of-the-art
chemical transport model (CTM) to some of the same datasets used by Ball et al. (2018)
but updated through the end of 2017. They showed that, following a negative anomaly in
2016, lower stratospheric ozone at extrapolar latitudes increased sharply in 2017. Thus,
including one additional year in the observational time series altered the picture
substantially, from one of a continuing decreasing trend to one of strong interannual
variability. Furthermore, unlike in the case of the nudged Community Climate Models,
the large variations in observed ozone, which Chipperfield et al. (2018) ascribed mainly
to atmospheric dynamics, were captured well throughout the stratosphere by the CTM
directly forced by meteorological reanalyses. Based on their model sensitivity
experiments, Chipperfield et al. (2018) concluded changes in very short-lived substances
made only small contributions to recent lower stratospheric ozone variations, and they
also noted that positive tropospheric ozone trends are not needed to reconcile their
calculated partial stratospheric and total column ozone abundances.

Flux of stratospheric ozone into the troposphere is larger than anticipated
Observations from the MLS and TES instruments on Aura were central to a recent study
of stratosphere-to-troposphere transport (STT) associated with extratropical cyclones.
Jaeglé et al. (2017), using a multiyear-composite approach to build a climatology from
more than 15,000 such cyclones, estimated that transport of ozone in the "dry intrusion™
airstream region of the cyclones accounts for an estimated 42% (+/-20%) of the Northern
Hemisphere STT ozone flux, contributing an estimated 119 Tg Os/yr to the troposphere.

12
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The study also showed that state-of-the-art models underestimate this flux by a factor of
two.

Deep convection may not play a major role in hydrating the stratosphere

Variations in stratospheric water vapor are known to have a significant impact on surface
climate, yet the processes controlling the long-term evolution of stratospheric humidity
remain incompletely understood. Schoeberl et al. (2018) used Aura MLS water vapor and
CALIPSO cloud ice measurements, in conjunction with a Lagrangian process model, to
quantify the contributions of various process, including gravity waves, supersaturation,
and deep convection (as diagnosed from both meteorological analyses and direct satellite
observations), to the stratospheric water vapor budget. In agreement with previous
analyses that indicated a potential contribution from direct injection of ice by
overshooting (deep) convection, this study finds a small role for convection in affecting
stratospheric humidity. The key factor is that convection rarely penetrates the tropopause
‘cold trap’, which largely controls stratospheric water vapor.

El Nifio’s impact on record high atmospheric Hydrogen Cyanide mixing ratios

El Nifio events are known to have wide-ranging impacts on the Earth system.
Atmospheric Hydrogen Cyanide (HCN) originates almost entirely from biomass burning,
with peat burning generating far more HCN than any other fire type. Aura MLS
observations showed (Pumphrey et al., 2018) a dramatic enhancement in lower
stratospheric HCN over the tropical Indian and Western Pacific oceans during the 2015-
2016 El Nifio. HCN doubled as compared to the typical background amounts. This period
saw intense peat fires in Indonesia in response to the EI Nifio-induced drought.

irl

Programmatic and Earth Venture class Suborbital missions continued to be important
contribution of ACFA to supplement current, and prepare for, future spaceborne
missions. These missions also enable the investigation of specific research questions with
higher accuracy and resolution than usually possible from space. A few examples are
highlighted below. More information on NASA’s airborne missions can be found here:

https://espo.nasa.gov/content/ESPO_Missions or following further links given below.

ObseRvations of Aerosols above CLouds and their intEractionS (ORACLES)

The ORACLES Earth Venture Suborbital mission deployed NASA’s ER-2 and P-3 in
August-September 2016 (Zuidema et al. 2016) with 18 in-situ sampling and remote
sensing instruments in total. In 2017, the ORACLES team successfully completed its
second of three deployments out of Sdo Tomé. The team is currently preparing for their
third deployment in fall 2018. First science results from the 2016 deployment are being
published. For example, Xu et al. (2018) illustrates the potential of the ORACLES (EVS-
2) data set to test and improve the joint aerosol and cloud retrievals using an imaging
polarimeter, with potentially significant implications for future satellite deployment of
such an instrument. The paper shows good agreement to independent assessments of
cloud optical depth and above-cloud aerosol optical depth. Diamond et al. (2018)
describes ORACLES measurements in the SE Atlantic that show good correlation for
cloud drop number concentration and smoke below cloud but weak correlation with
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smoke above cloud. Their findings illustrate that the history of entrainment (characteristic
timescale of ~3 days) is as important as instantaneous smoke contact for observed cloud
properties.

Atmospheric Tomography (ATom) capturing global chemical heterogeneity

To understand global atmospheric chemistry is to understand the mix of chemicals in the
atmosphere and where they come from. Knowledge of the photochemical evolution in
each air parcel is needed to understand the overall impact of the mix of chemicals and to
interpret human impact on past changes and predict future ones. Moving towards this
goal is NASA’s ATom aircraft mission (2015-2020). It has completed the summer and
winter data collection flying NASA’s DC-8 from near the North towards the South pole
along the Pacific Ocean and back towards the North pole along the Atlantic Ocean. It is
instrumented to make in situ profile measurements of the most important reactive
chemical species that control the loss of methane and the production and loss of
tropospheric ozone. The resulting climatology should represent the chemical
heterogeneity of the atmosphere, including the covariance of key reactive species. A
study by Strode at al. (2018) provides insights from airborne and satellite observations
and modeling (GEOS-5) by forecasting CO and aerosols on a global scale for the first
Atom deployment in August 2016. They found for most flights that the dominant
contribution to total CO is from non-biomass burning sources, which include both fossil
fuels and biofuels and oxidation of hydrocarbons including methane. An exception to this
is in the lower troposphere of the tropical Atlantic, where biomass burning from Africa
makes the largest contribution, reaching high levels in some locations. The non-biomass
burning source includes a large fraction from Asia for flights over the North Pacific and
from both Asia and North America for the North Atlantic and North American flights,
while other regions dominate in the Southern Hemisphere. Plumes of elevated CO from
both biomass burning and non-biomass burning sources led to observations of enhanced
CO during ATom in 2016. MOPITT, MODIS, and MLS satellite observations from 2000
to 2016 suggest that the high values of CO and aerosols from biomass burning
encountered during the tropical Atlantic portions of ATom may have been especially
pronounced during ATom in 2016.

More information: https://espo.nasa.gov/atom/content/ATom

Atmospheric Carbon and Transport — America (ACT-America) Mission
ACT-America conducts five airborne campaigns across three regions in the eastern US to
study the transport and fluxes of atmospheric carbon dioxide and methane. The study
enables more accurate and precise estimates of the sources and sinks of these gases.
Better estimates of greenhouse gas sources and sinks are needed for climate management
and for prediction of future climate. Diaz-1saac et al. (2018) suggests that atmospheric
transport model studies have likely underestimated CO2 concentration if they were solely
focusing on the atmospheric boundary layer. The study used an ensemble of Weather
Research and Forecast (WRF) models to examine the impact of parameterizations of
atmospheric physics on both the simulated meteorology and CO:2 concentrations. The
results show that multiple physics parameterizations, including land surface fluxes, the
atmospheric boundary layer, and cumulus clouds, in addition to the choice of global
reanalysis product, have a significant impact on the random error in CO2 concentration.
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In addition, the ensemble overestimated boundary layer depth in the western portions of
the region, and overestimated wind speeds in the eastern portion of the region. No
ensemble member was free from biases across the simulation region. This suggests that
any single model configuration will suffer from some degree of bias in its simulation of
atmospheric transport, and that care must be taken to create an unbiased atmospheric
transport ensemble.

More information: https://act-america.larc.nasa.gov

Overview of the Airborne Tropical TRopopause EXperiment (AT TREX)

ATTREX (Jensen et al. 2016) was a series of airborne campaigns between 2011 and 2015
focused on understanding physical processes in the Tropical Tropopause Layer (TTL)
and their role in atmospheric chemistry and climate. ATTREX used the NASA Global
Hawk Unmanned Air System to make in situ and remote-sensing measurements spanning
the Pacific. A particular ATTREX emphasis was to better understand the dehydration of
air as it passes through the cold tropical tropopause region. The ATTREX payload
included 12 in situ and remote sensing instruments that measured water vapor, clouds,
multiple gaseous tracers (CO, CO2, CH4, NMHC, SFs, CFCs, N20), reactive chemical
compounds (Os, BrO, NO2), meteorological parameters, and radiative fluxes.

As of 2018, the ATTREX dataset contributed to at least 25 papers and is still being
actively used by a number of groups to advance our understanding of TTL cloud process,
dynamics, transport, and chemical composition, as well as for evaluation and
improvement of global models. For example, from ATTREX observations Jensen et al.
(2017) suggests that the typically saturated air in the lower tropical tropopause layer
(=14-18 km) over the western Pacific is likely driven by a combination of the frequent
occurrence of deep convection and the predominance of rising motion in this region. The
nearly constant water vapor mixing ratios in the middle to upper tropical tropopause layer
likely results from the combination of slow ascent (resulting in long residence times) and
wave-driven temperature variability. Sensitivity tests by Jensen et al (2017) emphasize
the strong influence of convective input and vertical motions on tropical tropopause layer
relative humidity. Another research example is based on data from ATTREX together
with the Coordinated Airborne Studies in the Tropics (CAST) and the Convective
Transport of Active Species in the Tropics (CONTRAST) experiment campaigns where
Newton et al. (2018) reports that very low ozone concentrations in the boundary layer
and low troposphere (~7 ppb) were observed, whereas in the upper troposphere
concentrations were generally much higher (>15 ppb). These results are consistent with
uplift of almost-unmixed boundary-layer air to the tropical tropopause layer in deep
convection. Further, Newton et al. (2018) found lower ozone concentrations in the
tropical tropopause layer of the Southern Hemisphere as compared to the Northern
Hemisphere. Further evidence of a boundary-layer origin for the uplifted air is provided
by the anticorrelation between ozone and halogenated hydrocarbons of marine origin
observed in those campaigns.

Korea-United States Air Quality Study (KORUS-AQ)

The KORUS-AQ Science Team continues to make progress on scientific results. After
the initial data workshop in 2017, a Rapid Science Synthesis Report (RSSR) was
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produced and delivered to South Korea's Ministry of Environment. This document
provided early, high-level findings to the Korean government regarding local emissions
and their influence on ozone and particulate pollution as well as transboundary
influences. In a collaboration between Korean and U.S. scientists, major papers are
currently being drafted and submitted soon after a second science team meeting in
August 2018. These peer-reviewed results will form the basis for a Final Science
Synthesis Report intended for delivery to the Ministry of Environment in early 2019.

RSSR report:https://espo.nasa.govi/sites/default/files/documents/KORUS-AQ-ENG.pdf

Aerosol Characterization from Polarimeter and Lidar (ACEPOL)

The ACEPOL campaign performed aerosol and cloud observations over the Western US
in October and November 2017. It was a collaborative effort among the NASA ACE pre-
formulation study and the CALIPSO project, as well as the Netherlands Institute for
Space Research. The acquired data from ACEPOL enable the assessment of proposed
instruments capabilities by the ACE pre-formulation study to answer fundamental science
questions associated with aerosols, clouds, air quality and global ocean ecosystems. This
is very relevant in light of the coming NASA activities related to the implementation of
the recommendations by Decadal Survey (2017) on Aerosol and
Cloud/Convection/Precipitation designated observables. ACEPOL was featured in this
NASA press release:
https://www.nasa.gov/centers/armstrong/features/prototype_space_sensors.html

Clouds, Aerosol, and Monsoon Processes-Philippines Experiment (CAMP2EX)

In partnership with Philippine research and operational weather communities, NASA will
help to better characterize the role of anthropogenic and natural aerosol particles in
modulating the frequency and amount of warm and mixed phase precipitation in the
vicinity of the Philippines during the Southwest Monsoon. The field campaign in summer
2019 will examine how aerosol particle concentration and composition effect the optical
and microphysical properties of shallow cumulous and congests cloud, and how,
ultimately, these effects relate to the transition from shallower to deeper convection. It
will also study how spatially inhomogeneous and changing aerosol and cloud fields
impact three-dimensional heating rates and fluxes, as well as determine the extent to
which 3 dimensional effects may feedback into the evolution of the aerosol, cloud, and
precipitation fields. And finally, it will determine the meteorological features that are the
most influential in regulating the distribution of aerosol particles throughout the regional
atmosphere and, ultimately, aerosol lifecycle, and ascertain the extent to which aerosol-
cloud interactions studies are confounded and/or modulated by co-varying meteorology.

More information: https://espo.nasa.govi/sites/default/files/documents/CAMP2EXx-
overview-27NOV2015.pdf

Fire Influence on Regional to Global Environments and Air Quality (FIREX-AQ)
Fire is important for many ecosystems, but it also poses costly risks to human health and
property. The combination of a warmer and drier climate with population growth and
fire-control practices has produced a situation of larger and more frequent fires in the US
and Canada. NOAA and NASA are going to conduct FIREX-AQ, a joint field program in
summer 2019, to address related burning science questions on fuel emission factors and
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estimates, smoke optical properties, as well as plume injection heights, transport, and
chemistry.
More information: https://www.esrl.noaa.gov/csd/projects/firex/whitepaper.pdf
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ES-18-1: Demonstrate planned progress
in advancing the understanding of Green Green | Green Green

changes in Earth’s radiation balance, air
quality, and the ozone layer that result
from changes in atmospheric
composition.
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Annual Performance Indicator ES-18-3: Demonstrate planned progress
In improving the capability to predict weather and extreme weather
events.

The Weather Focus Area (WFA; https://science.nasa.gov/earth-
science/programs/research-analysis/earth-weather) uses NASA’s existing fleet of
satellites to take observations of weather systems, produce carefully calibrated data
products for scientific interrogations and demonstration with operational decision makers,
develop new observation platforms and instruments to expand the observations, perform
field campaigns to understand the weather producing processes, study the behavior of
weather systems using integrated modeling and data assimilation systems, and organize
conferences and workshops to assess our current understanding and to plan for future
research and development activities.

| . | Und i

Since the end of TRMM mission, GPM has become the main source of precipitation data.
A long heritage of highly accurate precipitation retrievals from spaceborne active and
passive instrumentation has been provided by TRMM. However, the instruments on
GPM have new capabilities. Thus, much effort has been expended in developing GPM
retrieval algorithms for the (Dual-frequency Precipitation Radar (DPR), GPM Microwave
Imager (GMI), combined DPR+GMI, and merged satellite estimates. Some of the recent
publications related to algorithm development work include: Stocker et al., 2018, Le et
al., 2017, Wright et al., 2017, Tan et al., 2017.

Data from GPM have produced several scientific accomplishments in the past year.
Using GMI microwave polarimetric signals from the 166 GHz vertical and horizontal
channels, Gong and Wu (2017) found that the radiative scattering of frozen particles is
highly polarized in the upper troposphere throughout the tropics and mid-latitude jet
regions, and hence indicate that the ice particles are horizontally oriented.

Collaboration with the Water and Energy Cycle Focus Area made some of the GPM
ground validation activities possible. Ground validation (GV) data have supported a
range of studies related to the testing, development, and/or verification of GPM retrieval
algorithms and supporting cloud models. These include the physics of, and methods to
parameterize, the rain drop size distribution (DSD; e.g., Tokay et al., 2017; Raupach and
Berne, 2017), including new observations of small raindrops (< 0.5 mm) and their impact
on current approaches to representing the DSD in light rain (Thurai et al., 2017.
Measurements of snow water equivalent rate can be found in Moisseev et al. (2017) and
von Lerber et al. (2017). GPM’s field campaign data have also combined the use of
hydrologic modelling and observations to develop “best” estimates of liquid and frozen
precipitation accumulation over complex terrain (Cao et al., 2017). Currier et al., 2017
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have performed an independent validation of falling snow using OLYMPEX data, It was
found that orographic perturbation of the prevailing low-level flow and associated
enhancements of the precipitation process were important during OLYMPEX (see also
Houze et al., 2017, and Zagrodnik et al., 2017). GPM supported the International
Collaborative Experiment — PyeongChang Olympics-Paralympics 2018 (ICE-POP 2018;
led by the Korean Meteorological Administration, February-March, 2018). ICE-POP
enabled further GPM studies of orographic precipitation processes, and in particular,
orographic snow, over regions characterized by large ocean to mountain terrain gradients.

her .

NASA continues to make complete atmospheric profile measurements to better
understand atmospheric dynamics. The Atmospheric Infrared Sounder (AIRS) is a high-
resolution sounder observing the Earth at 2378 infrared (IR) and four visible channels. It
produces vertical profiles of atmospheric temperature, water vapor, atmospheric
constituents, cloud properties and surface parameters. AIRS radiances (L1) are routinely
assimilated by virtually all global numerical weather prediction (NWP) centers
worldwide, and AIRS standard products are widely used by scientists for weather,
composition and climate studies, and a variety of societal applications. AIRS is expected
to continue operating throughout the Aqua mission.

Recently, ground-breaking retrieval algorithms for single-footprint, infrared-only
retrievals from AIRS L1 data have been developed (Irion et al., 2018; DeSouza-Machado
et al., 2018). By including clouds in the retrieval radiative forward model, and not using
“cloud-cleared” radiances, the horizontal resolution of AIRS retrievals is improved from
~ 45 kmz to ~13.5 kmz (at nadir). The results showed increased horizontal detail in
temperature, water vapor and relative humidity structure and compared well with
ECMWEF reanalyses and coincident radiosonde profiles. In particular, these algorithms
are able to retrieve temperature and water vapor in the eye of hurricanes — something not
possible with the previous algorithms.

Research utilizing AIRS observations continues to produce new discoveries and to lead to
several science investigations related to weather. From atmospheric gravity waves to
extreme weather, and from boundary layer studies to improvements in numerical weather
prediction, AIRS data continues to play a key role in NASA’s weather science.

The dynamics and thermodynamics of the subtropical marine boundary layer remains
poorly understood. Kahn et al. (2017) developed an approach that uses AIRS and other
NASA A-train data with the Modern Era Retrospective-Analysis for Research and
Applications (MERRA) data to quantify dynamical processes and relationships in the
subtropical boundary layer, and to better understand four subtropical oceanic regions that
capture transitions from stratocumulus to trade cumulus.

AIRS observations were crucial to investigate the regional intensification of the tropical
hydrological cycle during ENSO (Stephens et al., 2018). This paper provides
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observational evidence for feedbacks that amplify the short-term hydrological response
associated with the warm phase of the El Nifio-Southern Oscillation. Stephens et al.
(2018) show that much larger local changes to cloud (~50%/K) and precipitation
(~60%/K) occur than would be expected from the Clausius-Clapeyron relation (~7%/K).

Recent studies continue to demonstrate the usefulness of AIRS observations in weather
prediction science and in improving weather forecasts. For example, Christophersen et al.
(2018) and Yan-An et al., (2018) use AIRS observations in new ways in order to improve
tropical cyclone and typhoon forecasts.

The interplay between weather and atmospheric composition is another area where AIRS
observations play a fundamental role. For example, Adame et al. (2018) and Han et al.
(2018) investigate the interactions between weather conditions and patterns with trace
gases and particulate matter, while Kahn et al. (2018) analyze in detail ice cloud
microphysical trends observed by AIRS.

Much progress has been achieved from an applications perspective as well. The U.S.
Drought Monitor (USDM) is a weekly map of drought conditions used by policymakers
to help determine drought relief allocations and declarations of drought. AIRS humidity
products have the capacity to detect meteorological drought up to two months earlier than
other drought indicators (e.g. Wardlow et al., 2017). These AIRS products are now being
used in the production of the USDM for a probationary period. If utility is demonstrated,
they will become part of the regular operational suite of indicators used in the generation
of the USDM. Also, AIRS data has great value in confirming volcanic eruptions in
remote areas and tracking long-lived ash clouds. The 2017 Earth Science Senior Review
noted the importance of AIRS to the FAA and the aviation community by providing
sulfur dioxide detection for volcanic plumes, while also noting its use in volcanic ash
detection for the NOAA Rapid Update Cycle Rapid Refresh Model. A fully automated
rapid response system for sulfur dioxide detection has been developed and will publicly
debut in summer 2018. The system triggers on detection of SO2 and dust in the AIRS
near real-time data product and provides imagery of SO2, dust and clouds.

Study of Extreme Events
. .

The hurricane season of 2017 brought several significant storms to the Atlantic basin
including three major hurricanes with significant impacts to the United States: Hurricanes
Harvey, Irma, and Maria. Hurricane Harvey produced record-setting rainfall and flooding
within the Houston metro area. NASA remote sensing including observations from GPM
and SMAP captured torrential rains and lingering, high soil moisture content with regions
prone to flooding well after the event. GPM's GMI data were specifically mentioned in
NOAA'’s National Hurricane Center (NHC) hurricane forecasts for Irma and Jose
(Skofronick-Jackson, et al., 2018, National Hurricane Center 2017). NASA’s Short-term
Prediction Research and Transition (SPORT) Center operates the NASA Land
Information System in collaboration with NASA Goddard, and the integration of NOAA
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radar-estimated rainfall and atmospheric forcing captured the signature of Harvey’s
rainfall in southeastern Texas as saturated soils persisted in the weeks and months
following the storm. Hurricane Irma’s faster movement brought different impacts to
Florida, and scientists within NASA’s Earth Science programs provided flood mapping,
damage mapping, and tracking of the loss or restoration of lights and power through
various optical and synthetic aperture radar remote sensing techniques. Many of these
same techniques were applied to monitoring the impacts from Hurricane Maria in Puerto
Rico and the U.S. Virgin Islands, which experienced the brunt of the storm, and helped to
document and monitor the long-lasting and continuing impacts of Maria on Puerto Rico’s
infrastructure. During Maria, GPM played a critical role in helping NOAA/NWS
meteorologists map heavy rainfall and other impacts following damage to and loss of the
NOAA/NWS weather radar. Data products generated by GPM and delivered to NWS
partners in Puerto Rico by the SPORT Center were commented by NWS staff for
providing crucial information on rainfall amounts during the radar outage, supplemented
with other agency information including USGS streamgauges and other satellite products
from the GOES series.

Meissner et al. (2017) demonstrated the capability of NASA’s spaceborne Soil Moisture
Active Passive (SMAP) radiometer to give accurate estimates of the intensity and radii of
hurricane-force winds. The researchers showed how to derive the signal of the wind-
induced emissions at L-band frequencies and provided verification of derived wind
speeds versus ground truth observations from e.g., buoys and aircraft measurements.
SMAP wind speeds were found to be impacted very little by precipitation, even at high
rain rates. The scientists also presented examples of SMAP wind speed retrievals for
notably intense tropical cyclones that occurred during the 2015 and early 2016 seasons,
and compared these with wind fields observed by other space-based missions including
the European Space Agency Advanced Scatterometer (ASCAT), the U.S. Navy’s
multichannel polarimetric radiometer, WindSat, and NASA’s Rapid Scatterometer
(RapidScat). In these storms and at the satellite footprint scales of 20-50 km, the SMAP
radiometer was the only instrument able to observe wind speeds of 55—-70 meters per
second for all of them.

CYGNSS

In FY17 the CYGNSS team began regular production of Level 1, 2 and 3 science data
products, with delivery to the NASA Physical Oceanography Distributed Active Archive
Center (PO.DAAC) starting on May 22, 2017. Intensive cal/val activities were conducted
during the very active 2017 Atlantic hurricane season using coincident “ground truth”
wind speed measurements by the NOAA P-3 hurricane hunter aircraft (specifically, using
dropsondes and the Stepped Frequency Microwave Radiometer sensors carried on those
aircraft). Results are reported in Gleason et al. 2018, Ruf and Balasubramaniam 2018,
and Ruf et al. 2018a.

A number of additional papers have been published in this period to document various
aspects of CYGNSS performance. These include improvements in hurricane forecast skill
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using CYGNSS data (Ciu et al, 2018), improvements in temporal and spatial sampling of
tropical convective systems with CYGNSS (Hoover et al., 2018), the ability to measure
soil moisture and image flood inundation over land (Chew et al., 2018 and Ruf et al.,
2018b), and general relationships between spatial and temporal resolution with CYGNSS.

- : I i
. iment (CPEX

The weather focus area continues to invest in convective process understanding. The
Convective Process Experiment (CPEX) was competitively selected as part of the
Research Opportunities in Space and Earth Science (ROSES) 2016 to help answer
guestions about convective storm initiation, organization, and growth. After a year of
planning and development, CPEX (https://cpex.jpl.nasa.gov/) took place in the North
Atlantic-Gulf of Mexico-Caribbean Sea region from May 25 - June 25, 2017, onboard
NASA's DC-8 aircraft, based out of Fort Lauderdale, Florida.

CPEX was designed to bring together airborne observations, satellite observations and
numerical models in a series of case studies to study and improve our understanding and
modeling of convective processes in the tropics. It featured the Doppler Aerosol WiNd
lidar (DAWN) and five other remote sensing instruments.

Post mission data studies included comparisons between various instruments to reveal
any significant disagreements. One such extensive comparison has been done for the
dropsondes and DAWN wind profiles in various situations characterized by the amount
and degree of organization of convection. In addition, early evaluation of the use of
budget box flight patterns to obtain divergence values over 100km x 100km areas are
very encouraging. More than 20 CPEX budget boxes were flown during 16 flights. Areas
of differing degrees of convection are now being evaluated. CPEX science team members
are working on case studies that integrate satellite, model, and airborne observations to
address the three core CPEX objectives. This integration of data sets is being enabled by

a CPEX data portal established at JPL https://cpex.jpl.nasa.gov/about.php. More than 20

presentations have been made at conferences and workshops in the past 10 months.

In a blog posted by SPoORT researcher, Case (2018) document impacts of SMAP data
assimilation on short-term regional NWP, using the NASA Unified-Weather Research
and Forecasting (NU-WRF) modeling framework. One example of forecast improvement
occurred on the afternoon of July 13, 2016, when an MCS developed over Missouri and
Illinois and quickly moved eastward into Indiana, Michigan, and Ohio and southern
Ontario province into the evening. The initial surface soil moisture differences between
the SMAP-LIS and SPoRT-LIS show that a distinct drying occurred in the data
assimilation output over the Midwest.Meanwhile, a moistening occurred from SMAP DA
over portions of Southern Ontario. A similar signal is seen in the deeper soil layers as
well. The soil drying signal over the Midwest led to a corresponding increase in 2-m
temperatures, decrease in 2-m dew points, and overall decrease in surface convective
available potential energy (CAPE). Meanwhile, over southern Ontario, the more moist
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soils in the SMAP-LIS initialized run led to an opposite response. These changes to the
simulated boundary layer environment led to an overall faster propagation of the MCS
across Illinois and Indiana in the SMAP-LIS initialized NU-WRF runs. This faster
solution was in better agreement with the observed radar reflectivity at 0000 UTC July
14, 2016.

lobal heric Sci hesis and Wea
Improvement

: el

Assimilation of precipitation data into global forecast models continues to be a challenge
in global weather modeling. GPM’s accurate and frequent measurements of precipitation-
affected radiances and instantaneous precipitation rates together with quantitative error
characterization have been assimilated into weather forecasting and data assimilation
systems to improve 4D reanalysis, with the GPM-CO data being used operationally by
the ECMWEF (Geer et al., 2017). Assimilating satellite observations from microwave
imagers such as GMI in cloudy and precipitating regions provides critical constraints on
atmospheric parameters in dynamically sensitive regions and makes significant impacts
on weather forecast accuracy. Kim et al. (2017) describe a framework to assimilate GMI
all-sky (including cloud and precipitation affected) radiance data using a hybrid 4D-
Ensemble Variational (EnsVar) analysis algorithm in the Goddard Earth Observing
System version 5 (GEOS-5) that has become part of NASA’s Global Modelling and
Assimilation Office (GMAQ)'s operational forecast system in 2018.

In Holt et al. (2017), gravity waves in the high-resolution (7 km) GEOS-5 Nature Run are
evaluated using AIRS data and other satellite observations. The results show that the
global patterns in gravity wave amplitude, horizontal wavelength, and propagation
direction are realistic compared to observations. However, as in other global models, the
amplitudes are weaker and horizontal wavelengths longer than observed.

Operationally, the Joint Center for Satellite Data Assimilation (JCSDA) is currently
testing how GMI data improve track forecasting for tropical cyclones (Kirschbaum et al.,
2017; Pu and Yu, 2017). The GPM-CO DPR provided (3D) data during overpasses of the
2017 Atlantic Hurricane season including the hot towers associated with Hurricanes
Harvey, Irma, Jose, Maria, and Ophelia (https://pmm.nasa.gov/extreme-weather). In
addition, GMI data were specifically mentioned in NOAA’s National Hurricane Center
(NHC) hurricane forecasts for Irma and Jose (National Hurricane Center, 2017). The
Navel Research Lab (NRL) Automated Tropical Cyclone Forecasting System
(https://www.nrimry.navy.mil/TC.html) records over 1,000 GMI overpasses annually of
cyclones that have been used by forecasters around the globe to monitor tropical cyclone
structure.

GPM has contributed to the hydrology and modeling. New work includes: An error

model to quantify uncertainty in fine resolution precipitation products for satellite
hydrology was proposed by Wright et al. (2018). Climate models, and their
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parameterizations within the models, can be verified with global precipitation products
but care must be taken to address limitations and enforce quality control (Tapiador et al.,
2017).

imilati I

With NOAA’s commitment to develop a Next Generation Global Prediction System
(NGGPS), JCSDA has become a community data assimilation system development
center. GMAO is the primary contributor and beneficiary of the JCSDA. The GMAO
conducts its own internal projects, some of which are directly related to the JCSDA
projects and science priorities. NASA also funds JCSDA for specific developments that
NASA would later integrate into the GEOS modeling and data assimilation systems. In
addition, the JCSDA supports external research funded via grants and contracts awarded
through competitive processes open to the broader scientific community. It is essential
that all these efforts be complementary to and coordinated with one another.

The JCSDA Annual Operating Plan, which lays out specific tasks for the year, has been
developed and GMAO has identified specific areas of developments. For efficiency,
activities are organized in a Project structure, with Project Leads working for the JCSDA
core team. This year has seen an expansion of the JCSDA core team, which resulted in
increased collaboration among JCSDA partners. An efficient tool has been the series of
JCSDA code sprints, which GMAO has participated in and benefited from.

Some key accomplishments for this year are presented below:

e Community Radiative Transfer Modeling: a new version of the code (v2.3.0) has
been developed and released (Johnson et. al, 2018), which includes software
bugfixes, scientific improvements, and new coefficients for an extended list of
satellite instruments.

e New and Improved Observations: in coordination with all partners, the JCSDA
prepared a synthetic document reporting on the interest, preparation, and level of
readiness regarding the operational assimilation of observations from a variety of
satellite instruments (Keller et. al, 2018).

e Impact of Observing System: further analysis of results from the international
inter-comparison study of Forecast Sensitivity and Observation Impact. Initial
steps toward a near-real-time monitoring and diagnostics capability (Hyer et. al.
2018).

e Joint Effort for Data assimilation Integration: following the ‘Next-generation data
assimilation planning meeting workshop’ held in College Park in April 2017 to
gather requirements and design feedback from the community, the initial coding
phase has begun in August 2017. JCSDA core team members and collaborators
have been working collaboratively on a rapid prototype development, thanks to
the adoption of modern industry tools and work practices. Multiple models have
been interfaced with the new generic JEDI data assimilation code, and in
particular the FVV3-based GEOS model (as well as FVV3-based GFS). A new
technology was used to efficiently represent model background error covariances,
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regardless of the model grid. This allows the JEDI data assimilation solver to
operate directly on the model native grid. Similarly, the interpolation from the
model grid to observation locations has been prototyped and is been tested for a
subset of observation types. Work lead by GMAO has produced the interfacing of
GEOS tangent-linear and adjoint model, which lead to the first 4ADVar increments
directly on the GEOS cube-sphere grid. The first ‘JEDI Academy’ was held in
Boulder in June 2018 to train early adopters about the software, object-oriented
programing and new work practices.

e Sea-ice, Ocean, Coupled Assimilation: development of an early data assimilation
prototype for ocean and sea-ice within the JEDI infrastructure.

lication of led ined

Kirschbaum and Stanley (2